The thermal stability and structure of an RNA duplex, r(GGACGAGUCC) 2 , the base sequence of which was modelled after both a hammerhead ribozyme and a lead ribozyme, were studied by CD and NMR. We previously demonstrated that the corresponding DNA duplex, d(GGACGAGTCC) 2 , formed unique 'sheared' G:A base pairs, where an amino proton, instead of an imino proton, of G is involved in the hydrogen bonding, and G and A bases are arranged 'side by side' instead of 'head to head' (Nucleic Acids Res. (1993) 21, 5418 -5424). CD melting profiles showed that the RNA duplex is thermally more stable than the corresponding DNA duplex. NMR studies revealed that sheared G:A base pairs are formed in the RNA duplex, too, although the overall structure of the RNA is the A form, which differs from the B form taken on by the corresponding DNA. A model building study confirmed that sheared G:A base pairs can be accommodated in the double helical structure of the A form. A difference between the RNA and DNA duplexes in the stacking interaction involving G:A mismatch bases is also suggested. The demonstration that sheared G:A base pairs can be formed not only in DNA but also in RNA suggests that this base pairing plays an important role regarding the RNA structure.
INTRODUCTION
Since the discovery of ribozymes, studies to elucidate how ribozymes exert their enzymatic activities on the basis of their structures have been carried out [1 -11] . It has been suggested that a G:A mismatch base pair is formed in some ribozymes and that the structure derived from this base pairing could play a crucial role regarding their enzymatic activities [12, 13] . Several different types of G:A base pairs have been observed in DNA; 'head to head' G(anti)-A(anti) [14] [15] [16] , G(anti):A(syn) [17] , G(syn):A(anti) [16, 18, 19] , and 'sheared' G(anti):A(anti) [12, [20] [21] [22] [23] [24] [25] [26] [27] [28] . The type of G:A base pairing in DNA depends on the neighbouring base sequences and pH [16, 18, 22, [28] [29] [30] .
As the first step to elucidate the structure-activity relationship for ribozymes, we studied the structures of DNA duplexes, d(GG-ACGAGTCC) 2 [24] , d(GGACGACATC):d(GATGGAGTCC) [24] and d(GGACGCATC):d(GATGAGTCC) [28] , the base sequences of which were modelled after both a hammerhead ribozyme [31] and a lead ribozyme [32] . The first six or five bases of these duplexes are identical to those of helix 2 of the hammerhead ribozyme, where the formation of G: A base pairs is suggested [13] , and these bases are also very similar to those of the half part of the lead ribozyme, where the formation of G:A base pairs can be expected from the base sequence [24] . It was concluded that unique 'sheared' G:A base pairs, where an amino proton, instead of an imino proton, of G is involved in the hydrogen bonding, and G and A bases are arranged 'side by side', are formed in d(GGACGAGTCC) 2 and d(GGACG-ACATC):d(GATGGAGTCC) [24] . And it is suggested that a YGA:GAR sequence is an essential element for the formation of the sheared G:A base pairs [24] . In the case of d(GG-ACGCATC):d(GAT GAGTCC), where the central two consecutive G:A mismatches of d(GGACGACATC):d(GATGG-AGTCC) are replaced by a single G:A mis match, on the other hand, another kind of G: A base pairing, presumably a 'head to head' G:A base pair, occurred [28] . Thus, sequence dependent polymorphism of the structure of the G: A base pair was shown.
The next step was to elucidate the structure of RNA with G: A mismatches modelled after ribozymes. Here we report studies on the thermal stability and structure of an RNA duplex, r(GG-ACGAGUCC) 2 . This RNA duplex is a complete RNA version of the DNA duplex, d(GGACGAGTCC) 2 , mentioned above. Therefore its first six bases are identical to those of part of the hammerhead ribozyme, and they are also very similar to bases of part of the lead ribozyme. The thermal stabilities of r(GG-ACGAGUCC) 2 and d(GGACGAGTCC) 2 were compared on the basis of CD melting profiles. The RNA duplex turned out to be thermally more stable than the DNA duplex. NMR studies *To whom correspondence should be addressed """Present address: Department of Physics, School of Science, Kitasato University, 1-15-1 Kitasato, Sagamihara, Kanagawa 228, Japan demonstrate that sheared G: A base pairs are formed in the RNA duplex, in spite of the difference in the overall structure, i.e., the RNA duplex assumes the A form while the DNA duplex assumes the B form. The demonstration that sheared G:A base pairs can be formed not only in DNA but also in RNA suggests that this base pairing plays an important role regarding the RNA structure.
The numbering of residues is as follows. 
MATERIALS AND METHODS
Oligonucleotide r(GGACGAGUCC) was synthesized by the phosphoramidite coupling method with the 2'-hydroxyl protected as the tert-butyl dimethyl silyl ether with a model 392 DNA synthesizer (Applied Biosystems Co.). The oligonucleotide was purified and annealed as described previously [33] with additional treatments with ammonia in ethanol and tetrabutylammonium fluoride in tetrahydrofuran to remove the base protecting groups and the silyl group, respectively. D(GGACGAGTCC) 2 was previously prepared [24] . Thermal CD melting curves for both r(GGACGAGUCC) 2 NMR spectra were recorded at 5-50°C with Bruker AM-400 and AMX-500 NMR spectrometers. Phase-sensitive NOESY [34] , HOHAHA [35] , and DQF-COSY [36] spectra were recorded by the time-proportional phase-increment method [37] . The mixing times for NOESY were 100 and 300 ms, and that for HOHAHA was 40 ms. The repetition delay was 2.0 s. Twodimensional spectra were recorded with 512 tj increments, 128-160 free induction decays of 2 K data points per increment being collected. The t, and t 2 data were apodized with a x/3-shifted sine-bell function. The t, data were zero-filled to 1 K points. One-dimensional spectra in H 2 O were accumulated with a 1 -1 pulse sequence [38] , and NOE difference spectra were obtained as described previously [33] with irradia tion times of 100 and 300 ms.
RESULTS
The melting temperatures of RNA and DNA duplexes obtained from CD melting curves As an example, the CD melting curve and its derivative of r(GG-ACGAGUCC) 2 with the strand concentration of 5 yM are shown in Figure 1 . The melting temperatures of r(GGACG-AGUCC) 2 and d(GGACGAGUCC) 2 obtained from CD melting curves are summarized in Table 1 . For both RNA and DNA, the melting temperature is dependent on the oligomer concentration. Higher melting temperatures are obtained with higher concentrations. The results rule out unambiguously the possible formation of a hairpin structure for both RNA and,DNA, because the melting temperature should not be dependent on the concentration of the strands if a hairpin structure is formed. It is thus suggested that a double stranded structure is formed.
The melting temperature of the RNA duplex was higher than that of the DNA duplex. Figure 2 shows the one-dimensional 'H NMR spectrum and NOE difference spectra on irradiation of the imino protons of the RNA duplex in H 2 O. The resonances of imino protons were assigned sequentially on the basis of observed NOEs, as described previously [23, 30] . Irradiation of U8H3 gives NOE's to G7H1 and G2H1, in addition to a strong NOE to A3H2 (7.70 ppm). Irradiation of G5H1 gives an NOE to G7H1. It is notable that the imino proton of the G5 residue resonates at a high field, 9.89 ppm, i.e., well separated from the usual region, -13 ppm, for a resonance of a hydrogen bonded imino proton of a G residue. A similar high field shift was observed for the imino proton of the G5 residue of the DNA duplex [23] .
Assignments of exchangeable protons

Assignments of non-exchangeable protons
The resonances of non-exchangeable protons of the RNA duplex were assigned sequentially by analysis of two-dimensional NOESY, HOHAHA and DQF-COSY spectra in D 2 O in the same way as reported for other duplexes [24, 33, [39] [40] [41] , using previously established methods [39, [42] [43] [44] [45] [46] [47] [48] [49] [50] . Figure 3 remarkable that G7H1' resonates at a very high field, 4.14 ppm. An extreme up field shift of the G7H1' resonance was not observed for the DNA duplex [24] . Although the position of the G7H1' resonance was difficult to identify at the early stage of the assignment procedure, it was definitely identified on completion of the assignment of HI', H2', H3' and H4' resonances at the late stage. It should be noted that a very strong interstrand A6H2 -A6H1' cross peak was observed (arrows in Figure 3 ). The A6H2-A6H1' and A6H8-A6H1' cross peaks overlap each other in Figure 3 (a), but these two peaks are separated in Figure  3 (b) which shows the area symmetrical to Figure 3 (a) with respect to the diagonal line due to the higher resolution with the aromatic resonances. The separation of the two cross peaks is further better in Figure 3 (c) recorded at slightly different temperature, 37°C. In these figures, it was confirmed that the A6H2-A6H1' cross peak is very strong. The A6H2-A6H1' cross peak should be the interstrand cross peak, because the intraresidue A H 2 -AH1' distance is too long for any conformation to give a solid cross peak [51] .
Most of the HI' resonances give no cross peak in either HOHAHA or DQF-COSY spectra (data not shown). This is a typical phenomenon for the A form structure, where sugar puckering is C3'-endo, and thus the coupling constant between HI' and H2' is almost zero. The HI' -H 2 ' distance is the shortest among the H l ' -H 2 ' , H l ' -H 3 ' and H l ' -H 4 ' distances for virtually all puckering geometries of the sugar ring [51, 52] (Only for puckering around O4'-endo, is the H T -H 4 ' distance shorter than the HI' -H 2 ' distance [51] ). Particularly for the C3'-endo puckering suggested above, the H T -H 2 ' distance is much shorter than the other two distances [51] . Thus, H2' resonances were assigned on the basis of the strong cross peaks in Figure  4 . The assignments for H2' are further confirmed by the successful tracing of the sequential H2'(i-1)-H6/H8(i)-H2'(i) connectivities in Figure 5 . Generally, very strong interresidue H2'(i-1)-H6/H8(i) cross peaks and weaker intraresidue H2'(i)-H6/H8(i) cross peaks are observed. This is again a characteristics typical of the A form structure with C3'-endo sugar puckering [42, 47, 49, 51, 52] .
The H3' resonances were assigned on the basis of H3'(i-1) H6/H8(i)-H3'(i) connectivities (not drawn in Figure 5 ). Generally, medium to strong cross peaks are observed for both interresidue H 3 ' ( i -1 ) -H 6 / H 8 ( i ) and intraresidue H3'(i)-H6/H8(i) NOEs, which is consistent with the A form structure [51] . The H4' resonances were assigned on the basis of the through-bond connectivities with the H2' and H3' resonances in each sugar observed in HOHAHA and DQF-COSY spectra. As an example, the H3' -H 4 ' cross peaks in the DQF-COSY spectrum are shown in Figure 6 .
The assignments of the H3' and H4' resonances are confirmed by t h e H l ' -H 3 ' and HI'-H4'cross peaks in Figure 4 , and the intraresidue H6/H8-H4' cross peaks in Figure 5 . As demonstrated in Figure 3 , die examination of a symmetric area and spectra recorded at different temperatures was very helpful to resolve overlapping of closely located resonances.
In Figure 4 , the interresidue U8H5 -G7H2', H3' and H4' cross peaks, together with the U8H5-G7H1' cross peak, are shown instead of the G7H1'-G7H2', H3' and H4' ones. G7H1'(4.14 ppm) resonates in the region for H2', H3' and H4' resonances. Thus the G7H1'-G7H2', H3' and H4' cross peaks overlap H 2 ' -H 3 ' , H 2 ' -H 4 ' and H 3 ' -H 4 ' cross peaks of other residues. Therefore the cross peaks involving G7H1' are not so useful for assignment. So the cross peaks involving U8H5 are shown alternatively. Similar interresidue cross peaks were also observed for C4H5, C9H5 and C10H5, and they were useful for confirming the assignments. The assignments are summarized in Table 2 . 2 The observation of concentration-dependency of the melting temperature for both RNA and DNA (Table 1) clearly excludes the possible formation of a hairpin structure. These analyses were necessary, because the hairpin structure was reported for r(CUC-AGAGAUGAG) [53] , the base sequence of which is also 'selfcomplementary' except for G:A mismatches in the central region, as well as our sequences. Thus, it turns out that a double stranded structure is formed for our RNA and DNA.
DISCUSSION
Comparison of the thermal stabilities of r(GGACG-AGUCC) 2 and d(GGACGAGTCC)
The melting temperature of the RNA duplex is higher than that of the DNA duplex (Table 1) , for which it has already been concluded that sheared G:A base pairs are formed, resulting in an intensive stacking interaction between the two G:A base pairs [24] . This implies that some kind of G: A base pairs is also formed for the RNA duplex, because its melting temperature must be lower than that of the DNA duplex if G:A base pairs are not formed, and thus G and A bases are flipped out of the duplex.
Overall structure of the RNA duplex with G:A mismatches
The overall structure of the RNA duplex can be assessed on the basis of qualitative information on coupling constants and NOEs. The absence of HI' -H 2 ' cross peaks in both the HOHAHA and DQF-COSY spectra for most residues (data not shown) indicates C3'-endo sugar puckering characteristic of the A form structure. The appearance of H 3 ' -H 4 ' cross peaks in the DQF-COSY spectrum ( Figure 6 ) is consistent with the C3'-endo puckering. Exceptionally, G5 gives a HI' -H 2 ' cross peak in the HOHAHA spectrum, although it is very weak. This suggests a subtle deviation from the C3'-endo puckering for the G5 sugar involved in the G:A mismatch. The very strong HI' -H2' cross peak in the NOESY spectrum for each residue (Figure 4 ) is another indication of the C3'-endo puckering.
The observation of strong interresidue H2'(i-1)-H6/H8(i) and weaker intraresidue H2'(i)-H6/H8(i) cross peaks in the NOESY spectrum ( Figure 5 ) indicates that the overall structure of the RNA duplex with G:A mismatches is the A form. Figure 5 ) is another indication of the A form structure. It should be noted that the C4H6-A3H3' cross peak (indicated by a dotted arrow in Figure 5 ) is exceptionally weak and that the G7H8-A6H3' cross peak (indicated by a solid arrow in Figure 5 ) is particularly strong. This implies some minor perturbation of the A form structure around the G: A mismatch region. The position of the A3H3' resonance was identified on the basis of the A3H8-A3H3' and A3H1' -A3H3' cross peaks.
Observation of the medium to strong interresidue H3'(i-1) -H6/H8(i) and intraresidue H3'(i)-H6/H8(i) cross peaks in the NOESY spectrum (
The cross peak a in Figure 3 consistent with A form structure, but not with B form structure [51] . Similarly the A6H2-G7H1' cross peak is observed (cross peak b in Figure 3(a) ), although it is overlapping another cross peak, G5H8-C4H4'. In summary, it is concluded that the overall structure of the RNA duplex with the G: A mismatches is the A form on the basis of five lines of experimental evidence: (1) the absence of H T -H 2 ' and presence of H 3 ' -H 4 ' cross peaks in the HOHAHA and DQF-COSY spectra, (2) very strong H T -H 2 ' cross peaks in the NOESY spectra, (3) strong H2'(i-1)-H6/H8(i) and weaker H2'(i)-H6/H8(i) cross peaks in the NOESY spectra, (4) medium to strong H3'(i-1)-H6/H8(i) and H3'(i)-H6/H8(i) cross peaks in the NOESY spectra, and (5) appearance of AH2(i)-Hl'(i+1) cross peaks in the NOESY spectra. This conclusion of the A form structure should apply to the G:A mismatch region, too. Although H l ' -H 2 ' cross peak is observed for G5 in the HOHAHA spectra, it is still very weak. G5 gives a very strong HI'-H2' cross peak in the NOESY spectrum like other residues. Therefore, the deviation of the G5 sugar from C3'-endo puckering should be subtle. And nearly all the intra-and interresidue H2'-H6/H8 and H3'-H6/H8 cross peaks of each residue, including the G:A mismatch residues, show the intensities expected for the A form.
The local structure of the G: A mismatches in the RNA duplex As mentioned under RESULTS, intra-and interresidue Hl'-H6/H8, H2'-H6/H8 and H3'-H6/H8 connectivities were all traced completely without interruption. This suggests once again that the G and A bases of the G:A mismatches are not flipped out of the duplex, but accommodated in the duplex, forming base pairs. The G7H1' resonance was found at an extremely high field position (4.14 ppm). A similar extreme high field shift was reported for the hairpin structures of r(CUCAG-AGAUGAG) (U9H1\ 3.92 ppm) [53] and r(GGGCGCAA-GCCUUAU) (G9H1', 3.66 ppm) [54] . This result also made it necessary to check the concentration-dependency of the melting temperature in order to examine the possible formation of a hairpin structure in our RNA. It was shown that a hairpin structure is not formed for our RNA. A ring current effect may cause the extreme up-field shift of the G7H1' resonance, as discussed below.
There (Figure 2a) , as observed for the DNA duplex (10.29 ppm) [24] . This indicates that the imino proton of G5 is not involved in the hydrogen bonding, because a hydrogen-bonded imino proton signal of G usually appears at 12.0-13.5 ppm. Thus (a) and (b), where the imino proton of G is the donor for the hydrogen bonding, are excluded as the G: A base pair of the RNA duplex. The absence of a strong NOE to the aromatic proton on irradiation of the imino proton of G5 (Figure 2c ) also excludes (a) and (b), because a strong NOE to either A6H2 or A6H8 is expected for (a) and (b), respectively. A weak NOE (7.83 ppm) could be the NOE to A6H8 caused by spin diffusion via amino protons of G5.
Before analyzing NOESY spectra in detail, it was checked whether or not the factor, g*/r c , can be assumed to be constant for each residue in the RNA duplex [55] . The intensities of CH5-CH6 and UH5 -UH6 cross peaks in the NOESY spectrum with the mixing time of 100 ms were very similar for each residue, which suggests the Q*h c can be assumed to be constant in the duplex. _ In the syn conformation the H8(i)-Hl'(i) distance is_ ~2.6 A, while in the anti conformation this distance is ~3.8 A [51] . The H8(i)-Hl'(i) distances of G5 and A6 were calculated on the basis of the intensities of the cross peaks in the NOESY spectrum by using geometrically fixed CH5-CH6 and UH5-UH6 distances as the internal reference distances [40] . The NOESY spectrum with the mixing time of 100 ms was used in order to avoid the effect of spin diffusion to a reasonable extent. And the area shown in Figure 3(b) was used, because discrimination of the closely located G5H8 (7.89 ppm), A6H8 (7.87 ppm) and A6H2 (7.88 ppm) resonances is possible, and crowded cross peaks can be evaluated separately due to the better resolution with aromatic resonances in this area. The calculated H 8 -H 1 ' distance is 3.6 A for both G5 and A6. When it is taken into account that the obtained distances tend to be underestimates due to spin diffusion [56] , the results clearly indicate the anti conformation for both G5 and A6. Thus (b) and (c) are excluded as the G: A base pair of the RNA duplex. Thus (d), the sheared type, turns out to be the only base pairing structure which is consistent with the experimental data.
Model building of the RNA structure It was concluded in the previous sections that the overall structure of the RNA duplex is the A form and that the type of G: A base pairing is the sheared type. Therefore a model was built by incorporating the two consecutive sheared G:A base pairs in the A form structure (Figure 7 ). Then the energy was minimized by the use of X-PLOR [57] to avoid steric hindrance.
As a consequence of unique base pairs of the sheared type, the mode of base stacking becomes extremely different from the standard one. One A6 base stacks on another A6 base of the other strand, while an A6 base does not stack on the G5 base of the same strand at all. This structure is supported by the observation of the very strong unique interstrand A6H2-A6H1' cross peak (Figure 3) . The corresponding interstrand distance is very short in the structure shown in Figure 7a .
The unique stacking mode also gives a hint as to why the imino proton of G5 is visible, although it is not involved in the hydrogen bonding. Probably, it is due to reduced accessibility of the imino proton to the solvent water (Figure 7a ). The structure also explains well the extreme up-field shift of the resonance of G7H1' which is located close to base A6 (Figure 7b ). Its ring current effect on G7H1' could be the reason for the large up-field shift.
Similarities and differences between the RNA and DNA duplexes with G:A mismatches
Here we have reported a structural study on r(GGACG-AGUCC) 2) and we previously reported a study on the corresponding DNA, d(GGAC GAGTCC) 2 [24] . Thus, similarities and differences between the two structures can be addressed.
In both the RNA and DNA duplexes, the two consecutive G: A mismatches form unique sheared G:A base pairs, where an amino proton instead of an imino proton of G is involved in the hydrogen bonding, and G and A bases are arranged 'side by side' instead of 'head to head'. Because of the 'side by side' arrangement of the G and A bases, unique interstrand stacking is achieved in the central G5A6.G5A6 segment at the cost of ordinary intrastrand stacking. In particular, the interstrand stacking between the two A6 bases is very good in both the RNA and DNA duplexes.
The overall structures of the RNA and DNA duplexes are different as expected. The RNA duplex assumes the A form, while the DNA duplex assumes the B form. As a consequence of this difference, the stacking interaction in the central G5A6:G5A6 segment is not the same in the RNA and DNA duplexes. Although one A6 base stacks on another A6 base of the other strand very well in both the RNA and DNA duplexes, interstrand stacking of the two G5 bases is poor in the RNA duplex (Figure 7a ), while it is very good in the DNA duplex ( Figure 6 in reference [24] ).
The difference in the overall structure makes the stacking interaction in the A6G7:C4G5 segment also different. The stacking is less in the RNA duplex. Additionally, G7H1' is located close to the A6 base in the RNA duplex, but not in the DNA duplex. This could explain the extreme up-field shift of the G7H1' resonance observed exclusively for the RNA duplex.
Our RNA duplex is thermally more stable than the corresponding DNA duplex. The higher stability of RNA over DNA is a general phenomenon. In the case of our RNA and DNA, the type of base pairing is the same, and the stacking interaction seems to be better in the DNA duplex. The higher stability of the RNA duplex might be due to the formation of extra hydrogen-bonds involving 2'OH. For instance, the 2'OH of G5 could be close to the amino group of A6 of the opposite strand and also to 0 5 ' of A6 of the same strand. Concerning the extra hydrogen bonds involving the 2'0H, the water bridge between the 2'OH and the 3'phosphate group was suggested [58, 59] . However this bridge is not likely in our case, because a characteristic resonance at ca. 6.5 ppm is not observed.
The structure of the G:A base pair in RNA To our knowledge, only four studies have been reported on the structure of G:A mismatches in RNA [53, 54, 60, 61] , although many studies have been reported on that in DNA [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . A hairpin structure was found in three cases [53, 54, 60] , and a duplex structure with a bulged residue and an uncommon reverseHoogsteen A:U base pair in another case [61] . Knowledge on the structure of the G: A mismatches in a complete duplex has not been available. Our study on r(GGACGAGUCC) 2 provides the first knowledge on the G:A mismatch structure in the complete RNA duplex, together with the very recent report by Turner's group [62] . Both our and their results indicate the formation of sheared G:A base pairs in the double-stranded A form structure. It is meaningful to demonstrate that sheared G: A base pairs can be formed not only in the B form structure of DNA but also in the A form structure of RNA. Our result for r(GG-ACGAGUCC)2 is of particular interest, because it was modelled after both a hammerhead ribozyme and a lead ribozyme, which contain a base sequence identical or very similar to that of the first six residues of our RNA.
It is interesting that Turner's group also observed an extreme up field shift of HI' for the residue corresponding to G7 in our case (G6H1', 4.32 ppm in their case), which suggests a similar stacking interaction in the two RNA duplexes. Moreover, the G7H8-A6H3' cross peak is very strong in our case, as pointed out above, and the corresponding cross peak in their case (G6H8-A5H3') is also strong. On the other hand, the C4H6-A3H3' crosspeak is weak in our case, as described above, while such a weak H6/H8(i) -H 3 ' ( i -1 ) cross peak was not found in their case. Moreover, A6H8-G5H2' and G7H8-A6H2' cross peaks exhibit medium to strong intensities in our case, as mentioned above, while the corresponding cross peaks in their case (A5H8-G4H2' and G6H8-A5H2') are weak. These detailed differences suggest some minor difference between the two structures, although the main features of the RNA duplex with the G:A mismatches were solidly established in the two studies consistently.
In the case of DNA, the type of G:A base pairing depends on neighbouring base sequences [22, [28] [29] [30] . It must be interesting to examine the sequence-dependency of G:A base pairing in RNA.
